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The GRP lam.inate Lonsists of a polyester resin (22% by weight) reinforced with plies of
fibcrglmrs woven fabric.

The objective of the test program was to dctcrmine and evaluate the mechanical
characteristics of the GRP th. iugh a series of flexural, tensile, compressive, and shear tests.
In addition, more efficient uses of the structural strength of the GRP were investigated
whereby the GRP laminatc sheets wcre employed as facings of .undwich plates. Employing
the GRI' in sandwich configurations increased the structural resistance while increasing
fabrication costs and shipping cube (volume).

lBecause of its superior ballistic resistance, the GRP was selected for the Marine
Corps protective construction program; however, the laminate is inherently weak in
compression and is highly susceptible to creep, localized buckling, and moisture. The
established criteria will provide design guidance for GRP structural components of
protective structures. The criteria will be used to predict structural behavior, load limits,
fa'lure modes, and usable life of GRP structures. In addition, the efficient use of the
me'chanical properties of the GRP' can be used as one criteria for evaluating future
cananidte modular systems,
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This report presents the testing and bhavioral study program leading to the development of
structural design criteria for a filb:rglass-reinforecd-polycster (GRP) laminate. This study is a part of
the Civil Engineering l.aboratory, effort to develop, test, and evaluate a modular protective con-
struetion s)stem for the Marine Corps. The Marine Corps system is to employ GRP modules as
ireusable elements for rapid construction of temporary protection for military ground targets against
conventional weapon threat,. The GRP laminate consists of a polyester resin (22% by weight)
reinforced with plies of fiberglass woven fabric.

Because of itssuperior ballistic resistance, the GRP was selected for the Marine Corps pro-tective construction program. however, the laminate is inherently weak in compression and is highlysusceptible to creep, localieud buckling, and moisture. The established criteria will provide design
guidance for GRP structural components of protective structures. The criteria will be used to
predict structural behavior, load limits, failure modes, and usable life of GR1' structures. In addition.
the efficient use of the mechanical properties of the GRP can be used as one criteria for evaluating
future candidate modular systems.
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4 1
INTRODUCTION AND OBJECTIVE 4. Live loading (the roofs and walls must sup-

port personnel and equipment during and after erec-
The Civil Enineeing Laboratory (CFL.) has tion)

been evaluating a highly fragment-resistant armor
material for the Marine Corps. If use'd in 2 reusablc A test program was undertaken to establish themodular cornMoncrit desien his material, GRP.* structural properties of the GRP laminate, evaluate

failure mechanisms, and recommend efficient GRPcould be used ii forwaid areas to assemble a family
easil" and quickly for structural configurat ions.

of shelters csl-adqikyfrprotecting ground
targets against effects from conventional weapons. GRP Laminate Dccription
Present systems u., b.ndbags, metal components,
concrete elements, or timber construction requiring
long erection time. Although stich systems provide
adequate protection after erection, little protection is fiberglass woven cloth surrounded by a matrix of

polyester resin. The resin, which conformed toafforded the erectors during the long pcriods of con- polyete 1067. cTa in wih oftrm oMII.-R-21067, contained 700 b% weight of thcrmo-
struction.

With a reuseable module ard reduced erection setting polyester with the remainder of the formula

time, combat troops can be redirected from pro- being monomeric styrene.
aThe glass woven fabric conformed to Style 1157fecnal onist to t providcanaltcrntiv a b, on- he (manufacturer's specifications, see Figure 1). This

crete, or t ber construction. particular fabric weighed 24 ounces per square yard
and consisted of electrical glass composition (E-glass)

Personnel, aircraft, tue!, and ammunition are with a continuous filament of 0.,N)O3 7-inch nominal
typical targets to be protected by the modular fortifi- diaetinut w fil l rovin ch il

catin sstemfro conentonalweaonssuc asdiameter in both the warp and fill rovings. Each fila-caition system from conventional weapons, such as
ment of the rovings (groups of filaments) is nominallymortars, artillery, rockets, and general purpose 13,500 yards per pound. Each roving was composed

bombs. Effects from the weapons include fragmenta-
tion and impulse blast loading. Previous investigations in the warp direction of the cloth and 4 rovingsade mrnstratentts th ,aneffec (picks) per inch in the fill direction. The finish on the
eterrentcloth was a starch binder.

Since the modular components must resist blast
The laminate was prepared by using 48 plies ofeffects in addition to fragmentation, the GRP com-

ponents must he structurally reliable, thus requiring the above cloth in the resin matrix per inch thickness

an evaluation of the mechanical properties of the or laouat GRP and p press urerfor 2 hours at 20001- and 100 psi pressure. A cross
GRP laminate. The GRP structures must also be

a of sustaining other loading, section of the GRP is shown in Figure 2. The
laminate's dens;ty was 0.071 pound per cubic inch

I. Dead weight (1.97 specific gravity). Samples of the laminate were
tested in accordance with Method 7061 of Federal2. Soil loading (the structures are to be ballisti-
'est Method Standard No. 406 and found to consistcally upgraded by adding soil in wall cavities betweenpanels)of 21.76% resin by weight. This is a very low resin
content for a laminate used in structural applications;

3. Wind loading (the structures must be able to however, tests have indicated that 20% resin content
resist wind loading from a hovering helicopter) is optimum for best fragmentation resistance.

Fibcrglass-reinforced polyester, the fiherglav; i% woven roving deign.



Table 1. GRP Coupon Tlests for COUPONrm (WTSO GRP IAMINATF
Mat.erial Properties

________ __________ S u mmaries of the results from the room-rILuslinale Antoi conditioned tests are tabulated in T-able 2. Typical
StrcmsModc Il~~i~ fitOI rcsistanee-(ieformati(,n curves fr the various typeN of

j j ""' J _______ tests are presented in 1*-gtires. 3 through 7.

Itoolm-CorIiditionCJ ~uig initial stag"s of loading in all stress
_________- mdes, the behavior of the '.iminate was governed by

Ten~ion VVE ID ~3 8 114. UN8 till, wirp -he properties of the polyester resin. After the resin
Cot, rcsmion cttt.l 1/4 fill strength %,.as exceeded, the fiberflass characteristics
Flexure ASTM D)70 1 14 fill. ,.arp controlled the laminate behavior.

laminaing l4 fitThe GRP c'~hibitcd a considierable amount of
Slicar cr1 14fl luctilitv ifter vield %-r maximum stress was attained
P'unching ATD732 14 perpoidimtular to in) al. stress modes except. notably. the tensile mode
Shear IIIlariinate hcc where failure of the fiberglass itended to bie sudden

watcr-1031e.1' ISpetimmcn I esteda.t IHom 1'enperature an(I complete. Specimens subjected zo stress miodes

T wherein large dluct ility occurred were not loaded to

Ieision JA;'TNt 008l 1,4 j/ fll. warp co miplte collapse; instead, the%. were deformied to a

('omzprsi~tn IS1 (+I j 1 /4 tll particular %train level to which the material would be
Flexre STMD79 1 M fil, url, subjectedl during "field" use. Load-deformation*~*~~Jcurves in ligtires 5 and 0 give a good indication of the

cIf.,designcJ %pccimnr icsted at smrion rates CRP ductility.
recomimended I)% AiM. ']here were different load-carrying characteris-

bWater-soakcd 24 hour-. a% spcificdl b% W5.M. tic% issociated with the warp and fill directions of the

latiminaze since there was 20"o more fiberglass in the
warpl direct ion than in the fill direction. As might be
anticipatedl. onl the basis of tensile and flexural tests,

Test Program the warp~ direction had greater ultimnate (maximum)
strength (I 0%* tensile and 4". flexural). All of the

A series of coupon tests was conducted to eval- values given in the following paragraphs are for thle
uate strength and behavior characteristics and to fill direct ion and 1/4-inch thickness (room-
establlish design criteria for the lamninate. The inlor- conditioned tests) unless otherwise tnoted. It is
mnation was requiredl to design the components, of tile recommendedl that the structural design properties he
protection systenm to tutilie fully both the structural based on those issociated with the fill direction of
artd ballistic properties of tile laminate. The coupon tile lamninate (Table 2).
test programi is given in 'I able 1. It included tensile, Froint the strain-gaged coupon specimens,
comnpressive, flexural, laminate shear, andl ptunchingt Poisson's ratio was dleterminedl to be -approximnately
shear tests. 1-Thin tile coupon tests the following pro- 0..
pert ies were determined, (Tstic miodultis, yield
strength, maximnum stiength. stress-strain behavior. Test Results for Specific Stress Modes
andi energy absorptiotn properties. In addition to the
above tests, two tensile and two compression test Tension. Example curves of cotipon tensile load
specimens were strain-gaged in order to obtatin deformation are given in Figures 3 and 4. A tested
Poisson's ratio, tensile couplonl specimien is shown in Figutre 8 where

After complet ion of thle coupon test% atnd evalu- the deteriorated resin delaminated from the fiber-
ation of tile behavioral characteristics, a series of glass, characteristic of the tensile failure mode.
single- and fotir-point loaded flexural tests were coni- Although the CRP~ did not exhlibit dutctility in
dueted onl six sandwich conf igurat ions emp~loying tension, it did providle a higher level of strain enlergy
Gcl& sandwiched withI alu inutmi ho ncvcomib core. absorption thtan w~as characteristic of the compression

2
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Table 2. Properties of GRP Laminate i

(PoiWn',. '. Ratio - 0.1.)

Stress Mode
Property

Tension Compression Flexure 'Laminating Punching
Shrar Shear

Initial S:.ess Modulus (psi) 2.55 x,!0 6  1.72 x 106 1.55 x 106 0.38 X'O1 -0.15 x !06

Secondary Stress Modulus (psi) 1.78 x 106 - --

Stress at Resin Failure (psi) 8,800 6,000 6,500 820 19,300

Maximum Stress (psi) 40,000 6,000 6,500 - 19,300
Yield Strain (in./in.) 0.0035 0.007 0.004 0.0022 0.130

Rupture Stress (psi) 40,000 2,400 3,200 - 7,600

Rupture Strain (in.Ina.) 0.025 0.10 0.026 - -

Elastic Strain Energy (psi-in./in.) 15 22 13 1 1,250

Total StrAin Energy (psi-in./in.) 520 240 80 - -

"I/4-inch. room-conditioned, fill direction.

or flexural stress modes (Table 2). The tests indicated Example load-deformation curves for compres-
an initial tensile modulus of 2.55 x 106 psi to a stress sion are shown in Figure 5. A typical failure mech-
level of 8.8 ksi, at which point the resin apparently anism is shown in the photograph in :2igure 10. The
began to break down; there was also a load-resistance elastic compression modulus was 1.72 x 106 psi to a
transition to the fiberglass. The transition modulus maximum loading of 6.0 ksi where the laminate resin
was 1.38 x 106 psi to a stress level of 17.9 ksi.'rhcn broke down. The load-carrying capacity gradually
the modulus was 1.78 x 106 ksi until an ultimate dropped off to 40% of the maximum and held at this
strength of 40.0 ksi was reached. Failure occurred in level until a strain of 0.10 was reached when the tests
a stepwise fashion as groups of fiberglass strands were were terminated.
broken, and the load-carrying capacity dropped Breakdown of the resin resulted in a diagonal
eventually to zero with increased strain. Strain at crack (Figure 10). As the resistance dropped off and
maximum resistance was 0,025 and was 2 to 4 times further strain was experienced, slippage occurred
this amount at complete collapse. along the crack, and the glass fibers across the crack

Compression. Due to the instability of the GRP, were subjected to tensile stresses. Thus, the woven

the compression coupon specimen (seeFigure 9) was cloth plies in the vicinity of the crack delaminatedtheandmbucklednwithpcontinuedespecimenideformation
cut from a sandwich prepared from 1/4-inch-thick and buckled with continued specimen deformation

laminate facings cemented to 3/4-inch-thick alumi- (Figure 10). The compressive failure was a localized

num honeycomb core. The compressive strength of shearing type, resulting in considerable strength

the core was negligible. The specimen width was Ireduction. The relatively low compression strength
c awas due to the low resin content in the laminate.irnch andl length was 1-1/2 inches. Before testing,Fute(lfraio ofhecmesonpcmn

specimens were capped with a polyester resin in order Further deformation of the compression specimen
toisr nfr omrsielaig resulted in localized strain near the crack

to insure uniform compressive loading. accompanied by relaxation of strain elsewhere as the

load resistance dropped.



Flexure. T he flexur~Al propert ies of the laminate point. The elastic modulus of lamination shear was
wecre gov'erned by its compressive capacity.-Another 0.38 X 10)6 psi 3nd the niaxL-num lamination shear
factor was the support conditions of the specimen. strength was 820 psi.
Photograph- of GRP coupon flexural failures are Punching shear tests produced -!inear resistance-
presented in Figure 11. ~Sarpic test curves of flexural deformation response up to, resin break-down after
reista licr to deformation arepniven ma Fitture 6. From which there was a gradual decrease in zlie b.
the coupon ". ss the laminate shocwccd -. flexural earrving-capacir.v (Figure 7). The, elastic modulus fon
ciastic modulu of 1.55 x 106 psi to a nlax.;tn punching shi.,r wa-, 0.15 x 11)6 psi and the maxifi-.-m
streis of 6.5 1:si (stmin at maximum loadinq -was %hear strength wix 19.3 lwgi. This mode of stres
approximately 0.004). ce--'-hcd the highest iecel of dlastic strain energy'.

After attaining tihe riaximum resistance, the just as se' -he compression and flexioral modes, after
laminate resin began to b~reak dowvn and a dialuonal resin deterioration, the 0%iberglass could meat sustain
c.-Ack wast formed in thle compression zone of the the maximum shear-'-,jstance-lrvel; and delamination
specimen cross section (Figurc 11). The load Testns- resulted after the glass was -ubjcctcd-t,, tension acrossI
tance dropped to 40) to 60%, of maximum as the fiber-~ tile failure crack.
glass strands were -mbjected to tensile action as

slippage occurred along thle crack. just as in the corn- Parameter-Effect. on Structural Properties
pression mode, localiz~ed buckling and delamination Water Adsorlition. Specimens of each stress

occuredin he 'icnir of he rac asdefrmaion mode except lamination shear were also tested after

The behavior of the specimen after breakdown bin im esd2 hor in at.

of trolei supotd the spbeciuent droptinuelodelc t Atebing rst ne aimncres iraer forEc i4 hours th

while carrying approximately the same loading (40) to GPlmnt pcmn eeosre oasr
50% maximum). However, for tile case of pinnedi

supprtsat othend, te lad esitane icresed water at 1.5 to 1.00 b% weight (uncoated specimens).
suport ,nbot edstheloa reisanc inreaed Because of the low resin content and the starch

up to near maximum resistance with continued defor- binder, the laminate was more susceptible to strength
mation. This was attributed to the tensile membrane dtroaindet ae bopin odrss
resistance of the laminate. In any case, the laminate is tedereaion from to ater absorp et ion sLa eis-
capab~le of deformation (hinge rotation) in excess of tacdraed fgro 3 to 60. The waefc ibsorionsta

120 bou th suportwitout ollpseandmain- tends to break dlown the b~ond between the polyester
taining at least 40% of the maximum loading. The resin andl the fiberglass strzfnds. It wvas noted,'how-
test results shown in Figure 6 are from specimens on eeta h et niatdltl eraei h
roder-type end supports. GRP's ductility due u-t~vater absorption.

Shear. Both punching andl lamination shear tests Due to the detrimental effect of moisture, a
were performed. Lamination shear tests were per- coating will be required if the GRP is to retain its
formed using the notched type of tension-loaded structural and ballistic integrity in a humid
specimen shown in Figure 12 (using 1/4-inch-thick environment.
laminate). This specimen was considered to p~rovide .a Tikeso R.O h ai fcuo

lowr bin toth lainaio sharstrngt snceittensile tests, both dry and watcr-immersed, the
was virtually impossible to eliminate all the thinner laminates exhibited slightly less strength and
eccentricity in loading. Results indicated a linear
stress-strain response until resin breakdown which were more dleteriorate(] b)y water absorption. The
produced a crack between woven roving plies 1/8-inch laminate decreased more in strength from

extedin beweenthetwosawd noche onthethe 24-hour water immersion than did the 1/4-inch

specimen (Figure 12). Tests were terminated] at this laminate.
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Caacity fur R"loadin .nd 11Ucw Loadi. Smdwih Tats md Reults
flexural coupons (and later saniiwich flexural
spcci.mcns) were subjectcd to rcloading aftcr inducing Sandwich plates welt fahr'cated ih ;heconfigur-
permanent deformation and exceeding maximum ations shown in Figure I. The plates nwared

stress Ictcl. The reload-dcfo:mation relationship was 12 x 12 inches, 18 x 1N inches, nd 18 x4 inch.-
linear (much less atiff, however, than the original indwcr fabricatcd~by CEL technkiars (IMurr 14).
miffncss) and returned to-the level of resitlance at A':tr curing, the platc:swcre cutxint-fle4rianl weci-
which the load-carrying capacity was originally mens in widths approximaicly equal to th'-kites.
dropped. l'hesc'spcimens continucrio deform as if Sandwich spteinien were tested either to failu., oN
the. load had ,'vr been removed, to a stable resistance level, using single- and trn;ir-

Rever. t.Nitl, . loading was applied by. t -t, poifi .loading configurations (Figure 15).
deforming ihe -'ccimen btyond the maximum load- A suznary of the reiults of the sandwich
carrying capanly in one direction, and then turning flcxural tests arc presented in T"able 3. Example
the beam specimen ov and appiying load in the rcsistance-deformation cunes are presented in Figures
upppsite ditction. The behavior of the specimen was 16 through 24. Photographs of example failure

similar o, that of the reloaded specimcns. Thc load mechanisms arc shown in Figures 25-through 33.
deformatjo ;sas linear to a maximum resistance and
then leveled. If 1. degrees of rotation has not been Evaluation of Sandwich Behavior

cxcccded in the original1fading direction, it could he

dcformed this amount tn t1-" opposite direction. The GRP in sandwich construction exhibited
llowevr.r, it 12 degrees of rotation "as exceeded in properties similar to those exhibited during the
the ilitial loading, the specimen could carry little coupon testing. The amount of deterioration from
loading 'n the opposite direction. The fibcr, in the mcisture absorption is shown in the resistance-
laminate originally load d in compression were deflection cun'e in Figure 19, as compared to Figure
gercrally !Noken after 12 degrees of hinge rotation. 18. The tensile membrane ontribution to the resis-

tance b yond elastic limits is shown in the 'istance

curve shown in Figure 20, as compared to Figure 17.
SANDWICH TESTING The compression failure mechanism of a GRP

sandwich facing is shown in-Figure 32 and is similar
Sandwich construction is the most efficient to the coupon compession failure shown in Figure

method of utilizing the structural capability of the 10.
GRP. Facings are spaced some distance apa.rt where All sandwich configurations exhibited anc elastic
they will be subjected to in-plane loading for rei.ting range, with the greater stiffnesses associated with the
bending and membrane forces. Separating the facings more complex sandwich configurations, With the
with lightweight core material (aluminum honey- exception of Configuration 3, the behavior of the
comb) achieves a high ratio of stiffness to weight. The sandwiches in the linear elastic range presented few

core is designed to resist shear and to stabilize the material problems from buckling or delamination of
facings through a bonding adhesive medium. Sand- facings. Fabrication difficulty (low bonding pressure
wich construction is inhcrently more costly in fabri- and temperature) of specimens of Configuration 3
cation and will increase the shipping cube (volume). resulted in delamination of the components at load

Six GRP sandwich construction configurations resistances below those expected (Figure 25). A pre-
(Figure 13) were considered and tested. Configura- mature facing dclamination *f a Configuratio; 5
tion ' uses the GRP as a core material and is specimen is shown in Figure 26. Failure of the

considered to have the poorest ratio of structural adhesive in the elastic range was particularly sudden
strength to weight. The other five utilize a lightweight and was accompanied by a large loss in load-carrying
honeycomb core and GRP laminate facings. The sand- capacity (Figure 2 1).

wich configurations that utilized aluminum or rein- The .strength of the adhesive and its flexibility is
forced epoxy pos;essed the greatest ratio of ultimate dependent upon the sandwiching procedure; that is,
strength to weight. mixture of adhesive components, thicknes s and



Table 3. Summary' of Sandwich Teas

E~xperimntal Values Predicted Values

( nfg on zr%.~n ni o- C:ot- Yield Ell Maximum Yield (El)
Ice. I-kns Nh.'ns M ient (If)-in. Moment Mmwnt Mpz-irt.'Thcrcs h i. (anr.lk' X iu6') (alL-II) (in.-Ib) x 140#

7/( V ICli) 4t.224- 1 .97 '1,694 1.310 0.0784

_2 31 1/4 0.30! 2, 1,30 1.S500 0.260
3 2 51101 10,7o7-1 2'2 j kQ 1. q00..3

4 1 f16 314 114 2.0140 0. 2 70 j 2.0)2o J 9f)90 .2m4)
31834 1/4 3.4M) 0.163 J 3.42 (0,40 0. 19

6 { 114 3/4 j 1.!ti 2.0)44) tP.187 j 2.8Hijl,9 0.2601
I_ __ ___ _ __ I 1-9"

Maxismum aittaind i,-luc ladore preinavirc ad1we,ne failute.

evenness; of the iadhesive laver, and the amount of With the nonsvinmcrical sandwich
residual stresses produced by thecu ring temperature Configurations 4. 5. andi 6, the behavior leyond the
and pressure. Mhe results, of the tests Mvolving Con- elastic range was governed by the sandwich faings
figuration 3 indicate adhesive joints sNiould laken:t to that initially yielded. This was particularly true foe
a minimum and the choice ot adhesive careful!% Configuiration 6 in which the GRP facing was. in
considered in ordter to sustain the desired uoad cohnipressi()n. As deomnstrated in Figure 24. when the
capacity and be capable of attaining large ductile GRP yielded first (Figure 32), the load-resistance:
-strains. redluced to appfoimately h alf of the maximum]

Several premature shear and buckling failures in loading, after which the load-resistance kcvekd off.
the cort. material were encountered; however. thes When the aluminum facing initially ieled, as in
were not as su(den and complete as the adhesive Configuration 6, the resistance leveledf off andfailures. Theli core-buckling failure of Configuration 4 maintained the maximum load (IFigure 24) until the
ks shown in Figure 27. aluminum failed (Figure 33). The latter type of

PTevond the elastic range, buckling and delamina- failure resulted in a sudden and complete resistance
tion of the compression facings were the usual-fasaure loss similar to that with Configuration 5.
modcs of the sandwiches. H owever, except fot pre. If the ad hesis'e which bonded sandwich
mnature adhesive breakdown, the failure of components was correctly applied and was capab~le of
C:onfiguration 3, atnd the behavior of Configuration 5. sustaining the necessary strain energy absorption of
the sandwiches generally- exhibited a v'ery' dtmisle the facingts. sandwich Configurations 2, 3, and 4
tiexcril mode. A failure ot C:onfigurat ion 5 isshowsi presnted the most dsrlestructural characteris-
in Figure 31 lDue to the brittleness of the reinforcedl tics. Configuration I lacked the high level of
epoxy usetl in the compression face, the failure of thc strength-to-weight, and the brittleness of the rein-
sandwich was quite suddten and complete a% %hown in forcedl epoxy limjtetl the ductility of Configuration 5.
the resistanxc-def lect ion curve in Figure 23.
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Coiaim of, Pe&sedvWu The experimemntal values of the elastic stiffines,
Experimertall ft,4iities (EI),. were calculated from the linear portions of the

lad-deformation curves and the expressions.
Tabulated in Table 3 are the predicted anl

experimentally calculited %tiffriessei. (EI)~ and (KI),. i.
rT.peteI% tor the tested .4ind~ich configurations. 03)r ~j) IwiI-.tbl

Thc predicted stiff n css%%rc obtained by

1. Using the GRP-ma~erial propenics tabulated (D (±- for fourv haja uing
in 'Iable 2. 41 4*6ft

2. L'sing the manufacturer's recommendtd, shec4stedfltonmardathena

mibagx-cn tol rpetes fr al mnu n thex% qw iemcn midpoint and P is the force applied by the
fibeg~is'rent oced amachinoe hcad.

1. A~.suniti-g that the flexural loading wAs Linear behavior Of the various sandwich con-
rcsistcdin the sandA-,h facings nli%. tagurations compare rcas;onably well with the

4. Asumng atfom insil an comresivepredicted behavior (Table 3). The behavior beyond
4s Asmntczon ~sl n opesv the elastic range was dependent in several cases on the

stress .acro'.s the ficing%' setions. buckling and shear strength of the core and lami.

5. As.%uming tlexur~AI yieldatn in ottv of the nating strength of,-tbc adhesive. The strength of the
snindwah I.inc.% prior to in% loitali.e lbuckliirg or adhL-sive joint adjacent to an aluminum sheet facing
%hear failure in the core or adhesive joint. surface was pArticularly susceptible to premature

The predictedl sziftness of-the sandwiches, (El) faijere (both before yield and after large strain) and
was btanedfro th exerienulv btaned I *-As uniirclictabic. Ths no attempt was made to

Lh-,traceristici ot thle GRP laminate :andi other facing etiipeildiaclto eodteeatcrne
materials andi the expression Creep Tests

M C( *e. The GRP laminate has been shown to be sus-
0 E) h ceptible to continuous creep 131. T'wo flexural

specimnens of Configurations 2 and 4 were exposed to
where ci and (C art: the predicted strain% it the cen. long-term loading at room conditions with a point
troid ot thle tensile andl compressive facings, load of 264 pounds (0.5 P. Yor Configuration 2 and
respectiveiv', while the sandwich beam is subjected t,_ -0.6 P. for Cotnfiguration 4). The loading arrangement
thle momen' M. The moment arm length loetween the is shown and results arc plotted ;n F~igure 34.
centroids of thle tensile and com pa'cssive forces is Within the first 125 hours the specimens had
designm'ed as It. deflected in creep 200. of the initial deflection.

Thle predit~d vield moment,* M,.. was calculated leyond 125 hours the rate of creep was constant.
from- Although not tested, it was believed that much of the

GRP creep would be eliminated by the employment
M = tIt of aluminum sheets in both faciqgs of the sandwich

(Co nfigu rat ion 3).
where ti% the thickness of the facing that yielded first
(or the thickness of the GRP if it attained maximum
%tress in compression). and f Yis the yield stress of the CANDIDATE SANDWICH PANEL MODULES
material used in the faicing (or the maximum CRP
con.pre:sie stress). The value for f t was determined A good comparison between predicted and

br achfatngandtheleser f t~ to ws uedto experimentall% obtained properties justified the use

determine M.. of the same predicting procedure to obtain load-
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deftirmtimon curves fix poible sandwich candidates glass fiber reinforcement because the former deteri-
for the m',duleS of the protccti.C ComCtion pro- orate, initiating thefailure of the laminate. However,
gpam. In order to structurally compae the six salid the laminate tensile stroangth was over three times the
.wich configurtions. the following materials and stess level at which the po~rester material starred to
qigvi.t's were 4isidered in the candidate sandwich break down because the fibecass was capable of
mduk%: resisting much higlher tensile load& Thus the n'-mn

brane tensile stress mode represented the most cofi-I. I I.'-,nch (or tw' 114-inch sheets) of fiber- baetniesrs o-erpeetd-€m~ :
g•s-rein (or tu-4 * ete inch omeet te cicnt mode of loading the lami.nate.g lass-re n for td -polyes tef' b m mt spte to m eet the T e m n t o t i l m m n , sf u d t d ~ rprogrm's ragmn~tton ~The strength of the hmn .zt' ,ias found to dgeeiprogram's fragmen.-4tion requirrments ot ihwtrbgp _

orate with water absorpti6n because oftbe laminate's
2. 2 inches of i.,fhtweight Auminum honey- kw resin content and starch binder. For field

comb core (6.9 pounds peccubic fooikpin an effort to timploymcnt - -the GRP must be protected from
balance the blast and fragmcn4tion resistnce moisture.-Absorption by sealing all exposed edges.

3, 1/-inch total thickness pf alumnthm or The laminate material was demonstrated to be
fiber-reinforced-epoxy r structurally resistant when employed in sand-wich configurations with the GIkP serving as mem-

All the panels would be comspaabk,in weight; ,brAn facings on lightweight aluminum honeycomb

however, the more complex configuratiomn would corc. Ilowever. sandwich construction inherently
require more steps to fabricate (for example, Con- increases fabrication costs and shipping cube-two
figuration 3). Configurations I and 2 would weigh undesirai;1e factors that could make this type of
less than the others since fewer components would be construction. prohibitive for certain structural con-
used. figurations such'as highly mobile low cost personnel

The anticipated flexural resistance-deformavion protection. Some of the sandwich configurations
curves for the five sandwich configurations and a presented in this report utilized aluminum or
1/2-inch sheet of C(;P arc shown in Figure 35. Con- fiber-reinforced epoxy sheets to aid the GRP in the
figuration 4 yielded the greatest level of structural compressive stress mode. Each configuration provided

resistaticc and the greatest amount of strain enrgy a level of structural resistance that was dependent
absorption. Ilowe'cv, Configurations 2 and 3 (if upon the arrangement of the sandwich facings.
adhesive prohlem, were solved) would satisfactorily In permanent or semipermanent advanced bases
withstand most weapon threats. They also offer 'he symmetrical sandwich Configurations 2 and 3 are
advantage of svi'irtry; that is, the structural module recommended for use in protective structural

should be capable of resisting weapon blast and frAg- module% since each is capable of resisting the same
mentation equl!ly well on both sides of the sandwich blast pressure and fragmentation striking either side
panel. of the sandwich. Configurati on 2 is recommended for

short-term, lower structural loading and for upgrading
the protection level of existing structures. Configura-

SUMMARY tion 3 is recommended for construction modules

which arc ,o be subjected to long-term, higher
The dclamination mechanism, which is pro- structural loading where creep is also considered

moted by low-resin content and starch binder on the detrimental. Although the addition of an aluminum
fiberglass, made the fibrgla.ss-rcinforceki-polyesier sheet to the GRP facings increased cost and weight, it
laminate a -;uperior antifragmcntation material. Ilow- was necessary in order that the panel's compressive
ever, this property limited the laminate's structural face could resist high blast pressures and so that creep
capability. In each stress mode, the laminate's due to long-term loading could be eliminated.
elasticity was limited by the strength characteristics

of the polyester resin matrix. In the compressive,
flexural, and laminating shear modes, the resistance
could not be transferred from the polyester to the

8



Figure 1. Woven-roving fiberglass cloth used to reinforce polyester resin. Arrows on
warp and fill indicate direction of warp and fill rovings.

Figure 2. Cross section of 1/4-inch GRP laminate.
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Figure 3. Example of stress-strain relationships in tension with 1/4-inch-thick
GRP laminate.
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Figure 4. Example of stress-strain relationship in tension with 1/8-inch-thick
GRP laminate.
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Figure 6. E'xample of coupon resistance-deflect ion relationship in flexure withI

1/4inc-thck RP amiate
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Figure 7. Example of shear stress-deformation
curve for punching shear.

-- VON-

Figure 8. Coupon specimen showing delaminated resin and rupture of
fiberglass strands sustained during tensile test.
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Figure 11. Coupon specimen showing failure during flexurAI test.

Fi gtire 12. Coupo sf pceinie1 show ing filure during lamination shear test.

14



Cfrati 1 GP core

compresion~f

il Configurationi 2: aluminum honeYCOMb
COre with GRPfacinll:

tension ocahOfp itGPIiiur

Configuration 3: aumiinumi honeycomb
0core with clumpitemRP-alumonumrs

T- Configuration 4: aluminum honeycomb

'h~I~ I~~ !1II sonomrsnsd an! GRP sheet on tnCo dr

C:onfiguration 6: aluminum hoaneycomb

core with GRP sheet on compression
side anti aluminum sheet on tens.ion
%ide (invcrs.c of Configuration 4).

Figure 13. GRP cornposite sandwich configurations. In all ca%cs. compression side is upper

face, and tension side is lower face, as shown with Configuration 2.
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Figure 15. IVourPoin' loading arrangcflwnt for testing lbcam ;Pcimns cut

from sandwich configur~limns.
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-1500

0. 1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 16. Mloment-deflection curve for sandwich Configuration 1.
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
M41span 1)cfi-ction (i.

Figure 17. Typical resistance-deflection relationship in flexure, Configuration 2.
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1.5 .23. 3.2 13.2 3.2I 'H

1I4" Core: 5052 aluminum
I.0(K~ -- 6.9 M1/Wt

311 Miln. hexagonal

750___ Fain- /4-in. GRe

Cut: warp dirucm ion

0I 0.4 0.A 1.20 1.60

.%Iic..pan Deficetion. (ill.)i

Figure 18. Typical resistance-defkection relat ionship in flexure. four-point loading,
C:onfigurattion 2.

2.000)

1,500. -J .2 3 l..1 1 "/4"

1,50

Z .KN C--(ore: 5052 aluminum
Z -.KX 6.9 11/ft3

7 3/116-in, hexagonal
S750 jFaring%. 1/4-in GRP

Cuit: warp dirction

500

250

0 (.4 0.8 1.20 1.60
Mid%pan lcffrct ionl (ill.)

Figure 19. Typical uiniformn resistance-def lect ion relationship in flexuire,I

Configuration 2, imimersed in water 24 hours.
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3/16-in, hexagonal
Facings: 1/3-n. GRtP

Cut- warp direction

0 1. 1
0040111.20 1.60

Aldipan Deflection (in.)

Figure 20. Typical resistancc-deflect ion relationship in flexure, Configuration 2.
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2,000 --- Composite Facings: 1/1 6-in, aluminum and
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Figure 2 1. Sample moincnt-deformation curve, Configuration 3.
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3.00

2.4K) - Core: 3/4-in. honeycomb
-Tension Facing: 3/16-i. lumnianm

C

1.4)00

0.31 0.2 0.3 0.4 0.5 0.6 0.7 0A

MAidiqan Idctiofl (in.)

Figure 24. .Moment-dcfcction curve, Configuration 6.

Figure 25. Bluckling failure of aluminum and GRP due to inadequate adhesion between
sandwich components, Configuration 3.
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Figure 26. Failure due to delamination of s andwich facings, Configuration S.

Figure 27. (:rushing of aluminum honeycomb core beneath load, flexural specimen,
Configuration 4.
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Figure 28. Failure of sandwich Configuration 1, flexural specimen.

Figure 29. Failure of compression facing of GRP (typical failure, Configuration 2).
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Figure 30, Permanent flexural deformation of beamn specimen of Configuration 3.

Figure 31. Failure of the f iberglass- reinforced epoxy compression facing (typical
failure, Configuration 5).
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Figure 32. Failure of the GRP compression facing (beam Specimen, Configuration 6).

Figure 33. Failure of the aluminum tensile facing (beam specimen, Configuration 6).
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Figure 34. Creep test results with Configurations 2 and 4.

50

40
/ - 1/2 in. shcet of GRP

-Coniguratioli I

20 1*-~ - Onfiguration 2

30 -4 -Configuration 3 ofgrto
X - Configuration 4

I %apan 48 in.

10 1e

1 2 4 5 6
.Midlspan D~eflection (in.)

Figure 35. Resistanceedeflection curves for candidate sandwich mtodu lc%.
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